The stress produced by the coupling of reactive oxygen species (ROS) and endoplasmic reticulum (ER) has been explored extensively, but little is known regarding their roles in the early development of mammalian embryos. Here, we demonstrated that the early development of in vitro-produced (IVP) bovine embryos was governed by the cooperative action between ROS and ER stress. Compared with the tension produced by 5% O 2 , 20% O 2 significantly decreased the blastocyst formation rate and cell survival, which was accompanied by increases in ROS and in levels of sXBP-1 transcript, which is an ER stress indicator. In addition, treatment with glutathione (GSH), a ROS scavenger, decreased ROS levels, which resulted in increased blastocyst formation and cell survival rates. Importantly, levels of sXBP-1 and ER stress-associated transcripts were reduced by GSH treatment in developing bovine embryos. Consistent with this observation, tauroursodeoxycholate (TUDCA), an ER stress inhibitor, improved blastocyst developmental rate, trophectoderm proportion, and cell survival. Moreover, ROS and sXBP-1 transcript levels were markedly decreased by supplementation with TUDCA, suggesting a possible mechanism governing the mutual regulation between ROS and ER stress. Interestingly, knockdown of XBP-1 transcripts resulted in both elevation of ROS and decrease of antioxidant transcripts, which ultimately reduced in vitro developmental competence of bovine embryos. Based on these results, in vitro developmental competence of IVP bovine embryos was highly dependent on the coupled response between oxidative and ER stresses. These results increase our understanding of the mechanism(s) governing early embryonic development and may improve strategies for the generation of IVP embryos with high developmental competence.
INTRODUCTION
In vitro-produced (IVP) embryos have been widely used to generate economically useful animals, disease models, and bioreactors [1] . However, poor in vitro developmental competence and unwanted developmental damage are major obstacles to large-scale production of high-quality IVP embryos [2, 3] . Recent studies have demonstrated that the in vitro environment leads to an increase of numerous stresses, which deteriorate the early development of IVP embryos [4] . For this reason, many studies have tried to improve the quality of IVP embryos by adding stress-reducing supplements during in vitro culture (IVC) of mammalian early embryos [5] . Nevertheless, the quality of IVP embryos is not comparable to that of in vivo embryos [6] . Thus, the IVC method for mammalian early embryos requires further improvement by investigating the molecular mechanism(s) concerning the relationship between in vitro developmental competence and IVP stressors.
The endoplasmic reticulum (ER) is a subcellular organelle in eukaryotic organisms that plays a role in protein structural modifications essential for proper functions. However, accumulation of unfolded or misfolded proteins in the ER lumen triggers ER stress [7] , which ultimately causes cumulative cellular damage, such as apoptosis, degeneration, and carcinogenesis [8, 9] . In response to ER stress, inositol-requiring kinase/endonuclease 1 (IRE-1) catalyzes the cleavage of a small intronic segment from the unspliced X-box protein 1 (uXBP-1) gene, yielding the spliced form of XBP-1 (sXBP-1), whose translation produces an active transcription factor. Based on this information, sXBP-1 transcript levels are widely used as an ER stress indicator [10] . Recently, numerous studies have examined the role of ER stress in oocyte maturation and early embryonic development in mammals [4, 11] . Indeed, treatment with the ER stress inhibitor tauroursodeoxycholate (TUDCA) improved cytoplasmic maturation and in vitro developmental competence of IVP oocytes and embryos, respectively, and was accompanied by reduced sXBP-1 levels [12, 13] . Similar to its mechanism in other organisms, ER stress plays a negative role in the early development of mammalian embryos.
Reactive oxygen species (ROS) have been implicated in a variety of pathological conditions [14] . In mammalian embryos, many studies have also demonstrated that develop-mental arrest and damages are often associated with excess ROS under in vitro conditions [15] . In particular, oxidative overload caused by atmospheric oxygen concentration (approximately 20%) under ordinary culture conditions has been widely studied using the early embryos of domestic animals, such as pigs [16] , sheep [17] , and cows [18] . Thus, many studies have tried to reduce oxidative damages by decreasing oxygen tension (5%-7%) [19] or by supplementing with antioxidants such as glutathione (GSH) [20] . Moreover, the association between ROS and ER stress has been reported in a variety of biological systems [21] and pathological conditions [22] . However, their relationship with the early development of mammalian embryos remains unclear.
In the current study, we demonstrated that early development of IVP bovine embryos is highly dependent on the coupled response between ROS and ER stress. Reduction of ROS by decreasing O 2 tension or the addition of the antioxidant GSH improved blastocyst formation rate, proportion of trophectoderm (TE), and cell survival during the early development of IVP bovine embryos. Importantly, the beneficial effects of reduced ROS on in vitro developmental competence were closely associated with decreased ER stress. Levels of ROS and ER stress appeared to be mutually dependent, as suggested by decreased ROS and sXBP-1 levels in early embryos treated with either GSH or TUDCA. These findings facilitate the generation of IVP embryos with high developmental competence and increase our understanding of the early developmental event(s).
MATERIALS AND METHODS

Chemicals
All chemicals and reagents were purchased from Sigma-Aldrich Chemical Co. unless otherwise indicated.
In Vitro Maturation and In Vitro Fertilization
Bovine ovaries were obtained from a local slaughterhouse and transported to the laboratory in 0.9% saline at 25-308C. Intact cumulus-oocyte complexes (COCs) were aspirated from follicles (2-6 mm in diameter), using a disposable 10-ml syringe with an 18-gauge needle. Aspirated COCs with at least three layers of compact cumulus cells and homogeneous cytoplasm were washed three times in TL-HEPES (1 mg/ml polyvinyl alcohol [PVA] in low-carbonate Tyrode albumin lactate pyruvate [TALP] medium) [23] . To induce oocyte maturation, 10 COCs were cultured in 50 ll of in vitro maturation (IVM) medium in a 60-mm culture dish (Nunc; Thermo Scientific) under mineral oil for 20-22 h at 38.58C in a humidified atmosphere containing 5% CO 2 and 20% O 2 . IVM medium consisted of tissue culture medium 199 (TCM-199) supplemented with 10% (v/v) fetal bovine serum (Invitrogen), 10 IU/ml equine chorionic gonadotropin, 10 IU/ml human chorionic gonadotropin, 10 ng/ml epidermal growth factor, 0.6 mM cysteine, and 0.2 mM sodium pyruvate. Following IVM, 15 oocytes were co-incubated with frozen-thawed sperm at a concentration of 2 3 10 6 cells/ml in 50 ll of fertilization medium (2 mM CaCl 2 , 3.2 mM KCl, 0.5 mM MgCl 2 , 0.4 mM NaH 2 PO 4 , 11.0 mM sodium lactate, 114 mM NaCl, 25 mM NaHCO 3 , 0.2 mM sodium pyruvate, and 0.6% bovine serum albumin [BSA] ). To the sperm were added 2 lg/ml heparin, 20 lM penicillamine, 10 lM hypotaurine, and 1 lM epinephrine along with the fertilization drops. At 18 h postinsemination, cumulus cells attached to presumed zygotes were stripped by gentle pipetting and transferred to CR1-aa medium (114.6 mM NaCl, 3.08 mM KCl, 26.18 mM NaHCO 3 , 2.52 mM sodium lactate, 0.55 mg/ml L-lactate, 0.4 mM sodium pyruvate, 100 lg/ml penicillamine, 100 lg/ml streptomycin, 20.52 ll/ml basal medium Eagle (BME) amino acids solution [Invitrogen], 10 ll/ml minimum essential medium (MEM) non-amino acids solution [Invitrogen] , and 1.5 mg/ml L-glutamine) containing 0.3% BSA for IVC. To examine the effect of O 2 tension on embryonic development, presumed zygotes were cultured in IVC medium in an atmosphere of either 5% CO 2 in air or a mixture of 5% CO 2 , 5% O 2 , and 90% N 2 gas at 38.58C. Animal care and all experiments were conducted in accordance with the Korea Research Institute of Bioscience and Biotechnology Guidelines for the Care and Use of Laboratory Animals. Approximately 50 presumed zygotes per treatment group were cultured and subjected to scoring for cleavage and blastocyst development rates.
Chemical Treatment
After completion of in vitro fertilization (IVF), .50 presumed zygotes per group were cultured in the presence or absence of 1 mM GSH or 50 lM TUDCA for 3 days, subsequently transferred into fresh IVC medium, and allowed to develop under the same chemical treatment conditions for an additional 4 days. GSH and TUDCA were provided as lyophilized powders and were dissolved in culture medium and dimethyl sulfoxide, respectively. The respective diluents were used as negative controls in each experiment.
Microinjection Experiments
Presumptive zygotes collected at 16-18 h postinsemination were used in all microinjection experiments. Presumptive zygotes microinjected with small interfering RNAs (siRNAs) were developed to blastocyst stage under 20% O 2 conditions for analyses. Target sequences for the bovine XBP-1 (GenBank accession: NM_001271737.1 [small interfering RNA for XBP-1 (siXBP-1)]) and green fluorescent protein (GFP; control siRNA [siCon]) genes genes were designed, synthesized (by Dharmacon Inc.), and diluted with RNase-free water to a final concentration of 200 nM before microinjection into the cytoplasm of presumptive zygotes. A search of siRNA sequences using Basic Local Alignment Search Tool (BLAST) was carried out against the bovine mRNA reference sequence to ensure there would be minimal off-target effects. The target sequences for siXBP-1 and siCon were 5 0 -AAC GAA UCA GUU CAU UAA UGG-3 0 and 5 0 -AAG UGU GAA CCA CGA GAA AUA-3 0 , respectively.
Differential Staining
Differential staining of inner cell mass (ICM) and TE cells in blastocysts were performed as described previously [24] . Briefly, the zona pellucida of blastocysts was removed using 0.5% Pronase solution and then rinsed with Dulbecco phosphate-buffered saline (DPBS; Invitrogen) containing 1 mg/ml PVA (PBS-PVA). The zona pellucida-free blastocysts were incubated with rabbit anti-bovine whole serum (1:4 dilution) for 40 min, followed by three washes with PBS-PVA medium. Blastocysts were then incubated in a guinea pig complement (1:10 dilution; Calbiochem) containing 10 lg/ml propidium iodide and 10 lg/ml Hoechst 33342 for 40 min. After a gentle washing with PBS-PVA, stained blastocysts were mounted on glass slides, covered with coverslips, and observed under a fluorescence microscope (Olympus). ICM and TE cells showed blue and red fluorescence, respectively. Approximately five blastocysts per treatment group were used for differential staining in each independent experiment.
TUNEL Assay
To evaluate apoptotic blastomeres in blastocysts, a TUNEL assay was performed using an in situ cell death detection kit (Roche). Blastocysts were harvested at day 7, washed three times in DPBS containing 3 mg/ml PVA, and fixed in 3.7% (w/v) paraformaldehyde in DPBS overnight at 48C. Fixed blastocysts were permeabilized in DPBS containing 0.5% (v/v) Triton X-100 at room temperature for 30 min. Nonspecific binding sites were blocked by incubation with PBS containing 10 mg/ml BSA for 4 h. Subsequently, blastocysts were washed four times in PBS-PVA and stained with fluoresceinconjugated dUTP and terminal deoxynucleotidyl transferase for 1 h at 38.58C. As a positive control for the TUNEL reaction, a group of blastocysts was incubated in 1000 U/ml deoxyribonuclease at 38.58C for 10 min, followed by TUNEL staining. Another group of blastocysts was incubated in fluoresceindUTP in the absence of terminal deoxynucleotidyl transferase as a negative control. Subsequently, the blastocysts were washed four times in PBS-PVA and mounted on slides with mounting solution containing 1.5 lg/ml 4,6-diamidino-2-phenylindole (DAPI; Vector Laboratories). DAPI-labeled or TUNELpositive nuclei were observed with a fluorescence microscope. Approximately four blastocysts per treatment group were used in the TUNEL assays in each independent experiment.
Measurement of Intracellular ROS and GSH Levels
Measurement of ROS levels in embryos was performed as described previously [25] . Briefly, 5-(and-6)-chloromethyl-2 0 ,7 0 -dichlorodihydrofluorescein diacetate, acetyl ester (CM-H 2 DCFDA [Invitrogen]) was used to detect intracellular ROS as green fluorescence. At least 10 embryos from each treatment group were incubated for 30 min in a solution of TL-HEPES-PVA YOON ET AL. mixed with 5 lM CM-H 2 DCFDA. After incubation, embryos were washed with DPBS containing 0.1% (w/v) PVA and placed in 10-ll droplets; fluorescence was observed under a fluorescence microscope (Olympus) with ultraviolet filters (460 nm for ROS). Fluorescent images were saved as graphic files in tagged image file format. The fluorescence intensities of embryos were analyzed using ImageJ software (version 1.41; National Institutes of Health) and normalized to those of control embryos.
Semiquantitative and Real-Time Quantitative RT-PCR
Poly(A) mRNAs were extracted from 10 oocytes or embryos using the Dynabeads mRNA Direct kit (Invitrogen) according to the manufacturer's protocol. Briefly, after thawing, samples were lysed in 300 ll of lysis/binding buffer (Invitrogen) at room temperature for 10 min, and 10 ll of Dynabeads oligo(dT) 25 was added to each sample. The beads were hybridized for 5 min and then separated from the binding buffer using a Dynal magnetic bar (Invitrogen). Bound poly(A) mRNAs and beads were washed with buffers A and B (Invitrogen) and then separated by addition of 10 ll of Tris buffer. The resulting poly(A) mRNAs were reverse transcribed in 20-ll reactions containing oligo(dT) 20 , 53 RT buffer (containing 25 mM Mg 2þ ), 10 U of the RNase inhibitor ReverTra Ace (Toyobo), and a 10 mM mixture of dNTPs. Secondary RNA structure was denatured by incubating at 428C for 20 min to facilitate cDNA production. The reaction was terminated by incubation at 998C for 5 min. The resulting cDNA was used as template for PCR amplification. The following PCR conditions were used: 958C for 30 s, 608C for 30 s, and 728C for 30 s, followed by extension at 728C for 5 min. A programmable temperature control system (SureCycler 8800; Agilent) was used for semiquantitative real-time RT-PCR (semi-qPCR), and the Mx3000P QPCR system (Agilent) and Brilliant III Ultra-fast SYBR Green QPCR Master Mix (Agilent) were used for qPCR. Histone H2a was used as an internal standard for each group. Bovine primers were designed using Primer3 (http://bioinfo.ebc.ee/ mprimer3). Primer sequences are listed in Supplemental Table S1 (Supplemental Data are available online at www.biolreprod.org).
Western Blotting
Thirty embryos of each group were washed twice with PBS containing 0.1% PVA and lysed in 20 ll of lysis buffer (20 mM HEPES, 150 mM NaCl, 2 mM EGTA, 1 mM EDTA, 20 mM glycerol phosphate, 1% Triton X-100, and 10% glycerol) containing proteases. Proteins were separated by SDS-PAGE, transferred to nitrocellulose membranes (Millipore), and detected by immunoblotting. Membranes were blotted with primary antibodies against XBP-1 (Santa Cruz Biotechnology) and a-tubulin at 48C overnight. The membranes were washed five times with TBST buffer (10 mM Tris-HCl [pH 7.5], 150 mM NaCl and 0.2% Tween-20) and incubated with horseradish peroxidaseconjugated goat anti-rabbit IgG or anti-mouse IgG at 48C overnight. After excess antibodies were removed by washing with TBST, specific binding was detected using a SuperSignal chemiluminescent substrate (Pierce) according to the manufacturer's instructions.
Statistical Analysis
All experiments were repeated at least three times, and the mean 6 SEM is shown. Data were compared using ANOVA, followed by Duncan's multiple range test using SigmaStat software (SPSS, Inc.). P values less than 0.05 were considered statistically significant.
RESULTS
Reduction of O 2 Tension Improves In Vitro Developmental Competence of Bovine Embryos Through Alleviation of ROS and ER Stress
To investigate the effect of O 2 tension on early embryonic development, in-vitro-fertilized bovine embryos were cultured under 20% or 5% O 2 , and in vitro developmental competence was determined by counting the blastocyst formation rate and number of total and apoptotic cells. Compared with the formation rate and total cell number of blastocysts treated in the 20% O 2 group, those of blastocysts treated in a 5% O 2 environment were significantly increased (Fig. 1, A and B) , and cell survival in blastocysts was significantly improved with 5% O 2 (Fig. 1, C and D) .
We next examined whether the levels of ROS and ER stress were modulated by O 2 tension during IVC of bovine embryos. To measure ROS levels, 4-to 8-cell embryos cultured under 20% and 5% O 2 were incubated with CM-H 2 DCFDA, a ROS detection reagent, and subjected to fluorescence microscopy. Compared to 20% O 2 treatment, the 5% O 2 treatment significantly reduced ROS levels in developing early bovine embryos (Fig. 1, E and F) . Based on semi-qPCR analysis using the 4-to 8-cell embryos, we found that sXBP-1 transcript levels significantly decreased under 5% O 2 conditions compared with those in the 20% O 2 treatment group (Fig. 1G) , indicating amelioration of ER stress by decreasing O 2 tension during IVC of bovine embryos. Similarly, qPCR analysis revealed that the levels of ER stress-associated transcripts, including those of IRE-1, ATF4, ATF6, and CHOP, markedly decreased in the 5% O 2 treatment group (Fig. 1H) .
Supplementation of GSH Reduces ER Stress in Early Bovine Embryos Cultured under 20% O 2 Conditions
To examine the effect of GSH on ROS levels under hyperoxia, 4-to 8-cell embryos were cultured in the presence or absence of 1 mM GSH under 20% O 2 tension, incubated with CM-H 2 DCFDA, and photographed using fluorescence microscopy. Supplementation with GSH decreased the ROS levels in bovine embryos (Fig. 2, A and B) . The blastocyst formation rate and total cell number were significantly improved after GSH treatment compared with those in the control group (Fig. 2, C and D) . In addition, the decrease in the proportion of apoptotic cells in blastocysts was more significant in the GSH treatment group than in the control (Fig. 2, E and F) . Based on semi-qPCR and qPCR analyses, we found that GSH treatment significantly reduced the transcript levels of sXBP-1 (Fig. 2G ) and ER stress-associated genes (Fig.  2H) , respectively, compared to the control.
Early Development of Bovine Embryos Depends on Coupling Response Between ROS and ER Stress
To define the relationship between ROS and ER stress, bovine embryos were cultured in the presence or absence of the antioxidant GSH or the ER stress inhibitor TUDCA under 5% or 20% O 2 tension. Supplementation with GSH improved the blastocyst formation rates and total cell numbers (Fig. 3, A and B) in both O 2 treatment groups, whereas the beneficial effect of TUDCA was observed only under 20% O 2 conditions. Similarly, differential staining of blastocysts showed that the proportion of TE cells significantly increased in the presence of GSH or TUDCA under a 20% O 2 tension (Fig. 3, C and D) . In contrast, TUDCA was effective only at increasing TE cells in the 20% O 2 treatment group (Fig. 3, C and D) . In addition, the proportion of apoptotic cells in blastocysts was decreased markedly in the presence of either GSH or TUDCA (Fig. 3 , E and F) regardless of O 2 levels. In the 5% O 2 treatment group, GSH decreased the number of apoptotic cells in blastocysts. Consistent with this result, a significant decrease and increase of proapoptotic BAX transcript and antiapoptotic Bcl-xL transcript, respectively, was observed in both GSH and TUDCA treatment groups compared with the control (Fig. 3G) .
To further explore the relationship between ROS and ER stresses, 8-cell embryos were cultured in the presence or absence of either GSH or TUDCA under 5% or 20% O 2 conditions and subjected to semi-qPCR analysis of sXBP-1 transcript. The transcript level of sXBP-1 significantly decreased in the presence of GSH or TUDCA compared with that in the control (Fig. 4A) , regardless of O 2 levels. Consistent with this result, most ER
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stress-associated transcripts were downregulated by either GSH or TUDCA under both of the O 2 environments (Fig. 4B) . Importantly, ROS levels were significantly reduced by GSH or TUDCA under the 20% O 2 levels, even though differences between the 5% O 2 or TUDCA treatment group and the control were not significant (Fig. 4C, D) .
Knockdown of XBP-1 Decreases In Vitro Developmental Competence of Bovine Embryos, Possibly Due to a Failure in ROS Neutralization
In the present study, we used the level of sXBP-1 transcripts as a marker of ER stress during the early development of bovine embryos. To define the role of XBP-1, scrambled sequence (siCon) and XBP-1 siRNAs (siXBP-1) were injected into the cytoplasm of IVF bovine embryos at the single-cell stage, and the embryos were cultured under 20% O 2 conditions before the analyses. XBP-1 expression levels were reduced successfully by injection of siXBP-1 (Fig. 5, A and B) . Interestingly, the blastocyst formation rate, total cell number, and TE proportion were significantly reduced by knockdown of XBP-1 compared with that in the control group (Fig. 5, B-F) . In addition, the number of apoptotic cells was significantly increased in the siXBP-1 injection group. More interestingly, ROS levels were markedly increased in the siXBP-1 injection group (Fig. 5, H and I) , whereas the transcription of antioxidant genes including superoxide dismutase 2 (SOD2) and catalase was greatly suppressed by knockdown of XBP-1 compared with that in control (Fig. 5J) .
FIG. 1. Effect of O 2 tension on early development and levels of ROS and ER stress of bovine embryos. A)
Representative photographs of blastocysts (white asterisks) cultured under 20% or 5% O 2 tension. Bar ¼ 100 lm. B) Quantification of blastocyst developmental rates and total cell numbers in the indicated groups. Data are from three independent experiments, and values are means 6 SEM (*P , 0.05). C) Apoptosis detection analysis using blastocysts of the indicated groups. Merged images (light green) show TUNEL (green, white arrow) and DAPI (blue) signals. Bar ¼ 50 lm. D) Quantification of numbers and proportions of apoptotic cells in the indicated groups. Data are from three independent experiments, and values are means 6 SEM (*P , 0.05). E) Fluorescence microscopy of 4-to 8-cell embryos treated with CM-H 2 DCFDA, a ROS indicator, after cultivation under the indicated O 2 tension. Bar ¼ 100 lm. F) Quantification of ROS levels in the indicated groups. Data are from three independent experiments, and values are means 6 SEM (*P , 0.05). G) Semi-qPCR analysis of sXBP-1 and uXBP-1 expression levels using 8-cell embryos cultured under the indicated O 2 tensions (upper panel) and densitometric analysis of the relative abundance levels (lower panel). H2a was used as a normalization control. Data are from three independent experiments, and values are means 6 SEM (*P , 0.05). H) qPCR analysis of the relative abundance levels of the ER stress-associated genes IRE-1, ATF4, ATF6, and CHOP , using 8-cell embryos cultured under the indicated O 2 tension. Data are from three independent experiments, and values are means 6 SEM (*P , 0.05).
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DISCUSSION
Exposure of mammalian embryos to the in vitro environment can cause developmental defects during early development, such as a low blastocyst formation rate, decreased TE cell number, and increased cell apoptosis [26, 27] . Previous studies using IVP embryos have shown that the increase in developmental defects under in vitro culture conditions is associated with an overload of various cellular stressors, including oxidants and abnormal cellular components [28] . Although oxidative and ER stresses are often considered obstacles in yielding blastocysts with high developmental competence, their cross-talk during early developmental stages have not yet been determined. In the present study, we demonstrated that ER stress is induced by ROS in developing bovine early embryos and that in vitro developmental competence of IVP embryos could be improved by disrupting the cooperative action between ROS and ER stress (Fig. 6) .
TUDCA is a water-soluble bile salt known to resolve ER stress in a variety of biological systems. However, the mechanism(s) concerning the action of TUDCA is not fully understood. In general, the beneficial role of TUDCA is frequently associated with suppression of the unfolded protein response [29, 30] . Importantly, recent evidence has shown that TUDCA functions as an antiaggregation factor for the resolution of ER stress [31] . Based on this result, we predicted that TUDCA could inhibit upstream ER stress-signaling cascades, including the activation of IRE-1, by inhibiting the action of ER stress-triggering molecules. In addition, TUDCA inhibits phosphorylation of IRE-1, leading to its inactivation [32] . Thus, we propose that IRE-1-dependent splicing of XBP-1 is inhibited by TUDCA. Quantification of ROS levels in the indicated groups. Data are from three independent experiments, and values are means 6 SEM (*P , 0.05). Bar ¼ 100 lm. C) Representative photographs of developed blastocysts (white asterisks) within the indicated groups. Bar ¼ 100 lm. D) Quantification of blastocyst development rates and total cell numbers in the indicated groups. Data are from three independent experiments, and values are means 6 SEM (*P , 0.05). E) Apoptosis detection analysis using blastocysts of the indicated groups. Merged images (light green) show TUNEL (green, white arrow) and DAPI (blue) signals. Bar ¼ 50 lm. F) Quantification of the number and proportion of apoptotic cells in the indicated groups. Data are from three independent experiments, and values are means 6 SEM (*P , 0.05). G) Semi-qPCR analysis of sXBP-1 and uXBP-1 , using 8-cell embryos cultured in the indicated groups (upper panel) and densitometric analysis for determination of relative abundances levels (lower panel). H2a was used as a normalization control. Data are from three independent experiments, and values are means 6 SEM (*P , 0.05). H) qPCR analysis of the relative abundance levels of the ER stress-associated genes IRE-1, ATF4, ATF6, and CHOP , using 8-cell embryos cultured within the indicated groups. Data are from three independent experiments, and values are means 6 SEM (*P , 0.05).
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ER stress is associated with a range of pathological conditions, including carcinogenesis, inflammation, and degeneration [33, 34] . Similarly, previous studies have shown that alteration in O 2 tension leads to an induction of ER stress [35] . Indeed, a marked induction of ER stress is frequently detected under enhanced O 2 tension, as shown in newborn lungs [36] and ischemia/ reperfusion-injured tissues [37] . In addition, GRP78/BiP, a negative regulator of the ER stress response, decreases under hypoxia conditions [35] . Based on the close relationship between altered O 2 tension and ER stress, many researchers have proposed that ROS functions as a mediator of both events [38] . Indeed, reduction of ROS in the presence of antioxidants ameliorates the degree of ER stress or the associated cellular damages in many biological systems, such as cancer and degenerative disorders [39, 40] . Consistent with this hypothesis, antioxidant supplementation into IVC medium is known to improve in vitro developmental competence of mammalian early embryos by contributing to the maintenance of redox homeostasis and ROS-mediated cellular damages during early development of mammalian embryos [41] , which is supported by the close association between oxidative overload and numerous developmental defects, such as a developmental arrest around zygotic genome activation, failure in morula-blastocyst transition, blastomere fragmentation, and cell apoptosis [42, 43] . Similar to the beneficial role of antioxidants in early development, treatment with ER stress inhibitors enhances in vitro developmental competence in early embryos, which includes an improved blastocyst formation rate, TE cell number, and cell survival in IVF or cloned embryos [44, 45] . Although information is available for the roles of oxidative and ER stresses in early development, cross-talk between ROS and ER stresses during in vitro developmental competence of mammalian early embryos had not been evaluated. In the present study, we found that ROS enhanced by high O 2 tension augmented ER stress and the associated developmental defects during IVC of bovine embryos and that these effects could be reversed by reducing the O 2 tension or adding GSH or TUDCA. Conversely, addition of hydrogen peroxide increased sXBP-1 levels, which was almost completely reversed by treatment with TUDCA, implicating ROS as a potent ER stress inducer in developing bovine embryos (Supplemental Fig. S1 ). Similar to other biological systems, the current study suggests that ROS function as potent mediators between O 2 tension and ER stress during the early development of bovine embryos.
Under specific stress conditions, 26 nucleotides of XBP-1 mRNA are spliced by IRE-1a, leading to a frame shift and the generation of an active basic region leucine zipper transcription factor [46] . Subsequently, sXBP-1 translocates to the nucleus and activates a set of genes governing protein folding and degradation for maintenance of ER homeostasis [47] . Thus, sXBP-1 is a key component of the unfolded protein response, a cellular stress response related to the ER. Recently, a null mutation or knockdown of XBP-1 was shown to impair a variety of biological events, such as proliferation, differentiation, and survival [48] [49] [50] . In fact, a null mutation of XBP-1 led to embryonic lethality 14.5 days postcoitum in mice, and numerous knockdown studies have also shown that the role of XBP-1 is tightly associated with various cellular processes, including tumorigenesis, adipogenesis, and retinal cell viability [50] [51] [52] . In regard to redox regulation, recent studies have shown that the levels of antioxidant enzymes, including SOD and catalase, are markedly reduced by knockdown of XBP-1 in rat retinal pigment epithelium, which results in sensitization to oxidative damage   FIG. 4 . Effect of the antioxidant and ER stress inhibitor on levels of ROS and ER stresses in bovine embryos. A) Semi-qPCR analysis of sXBP-1 and uXBP-1 using 8-cell embryos cultured in the presence or absence (Con) of either GSH or TUDCA under 20% O 2 tension (upper panel) and densitometric analysis of the relative abundance levels (lower panel). H2a was used as a normalization control. B) qPCR analysis of relative abundance levels of the ER stressassociated genes IRE-1, ATF4, ATF6, and CHOP , using cultured 8-cell embryos cultured with the indicated groups. C) Fluorescence microscopy of 4-to 8-cell embryos of the indicated groups after treatment with CM-H 2 DCFDA. D) Quantification of ROS levels in the indicated groups. All data are from three independent experiments, and values are means 6 SEM (*P , 0.05). [50] , implicating XBP-1 in the regulation of antioxidant defenses. Similarly, we found that knockdown of XBP-1 in bovine embryos also reduced both the relative abundance of SOD and catalase transcripts, as well as the in vitro developmental competence (Fig. 5) . Thus, XBP-1 appears to play an important role in early development of bovine embryos.
XBP-1 is known to play an important role in regulation of ER stress [4] . Under stress conditions, IRE-1a is released from GRP78/BiP, engages in the sequestration of unfolded or misfolded proteins, is activated by homodimerization and autophosphorylation [53] , and subsequently participates in the generation of sXBP-1 via its endonuclease activity [47] . Thus, the sXBP-1 mRNA level can be used as a marker of ER stress. The sXBP-1 then translocates into the nucleus to transcriptionally activate its target genes, including ER chaperones [47, 54] and antioxidant enzymes [55] , leading to reductions in ER and oxidative stresses [50] . In fact, recent studies have revealed that the levels of expression of antioxidant enzymes, including SODs and catalase, are markedly reduced by either knockout or knockdown of XBP-1 in mammalian cells, such as human cervical cancer and retinal pigment epithelial cells. This results in augmentation of ROS and sensitization of the cells to oxidative damage [50, 56] . These findings suggest that XBP-1 plays a role as a potent coordinator of oxidative and ER stresses. Consistent with these results, we found that SOD2 and catalase transcript levels were greatly reduced by knockdown of XBP-1 in developing bovine early embryos and that this was accompanied by an increase in ROS levels and deterioration of FIG. 5 . Effect of XBP-1 knockdown on the early development and levels of ROS and ER stresses in bovine embryos. A) qPCR analysis of XBP-1 using presumptive zygotes collected at 24 h after microinjection of siCon or siXBP-1. Data are from three independent experiments, and values are means 6 SEM (*P , 0.05). B) Western blot analysis of XBP-1 using presumptive zygotes collected at 24 h after microinjection of siCon or siXBP-1. Data are from three independent experiments, and values are means 6 SEM (*P , 0.05). C) Representative photographs of blastocysts (white asterisks) developed from presumptive zygotes microinjected with siCon or siXBP-1. Bar ¼ 100 lm. D) Quantification of blastocyst developmental rates and total cell numbers in the indicated groups. Data are from three independent experiments, and values are means 6 SEM (*P , 0.05). E) Differential staining of ICM and TE cells in blastocysts of the indicated groups. Nuclei of ICM and TE cells were stained with Hoechst (blue) and propidium iodide (red) dyes, respectively. Bar ¼ 50 lm. F) Numbers and proportions of ICM and TE cells in blastocysts of the indicated groups were quantified after differential staining. Data are from three independent experiments, and values are means 6 SEM (*P , 0.05). G) Apoptosis analysis using blastocysts from the indicated groups. Merged images (light green) show TUNEL (green, white arrow) and DAPI (blue) signals. Bar ¼ 50 lm. H) Quantification of the numbers and proportions of apoptotic cells in the indicated groups. Data are from three independent experiments, and values are means 6 SEM (n ¼ 13, *P , 0.05). I) Fluorescence microscopy of 8-cell embryos of the indicated groups after treatment with CM-H 2 DCFDA. J) Quantification of ROS levels in the indicated groups. Data are from three independent experiments, and values are means 6 SEM (*P , 0.05). K) qPCR analysis of SOD2 and catalase expression levels using blastocysts from the indicated groups. Data are from three independent experiments, and values are means 6 SEM (*P , 0.05).
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in vitro developmental competence (Fig. 5) . Taken together, these results suggest that XBP-1 can serve as both an efficient indicator and a potent negative regulator of ER stress during early development of mammalian embryos.
We have demonstrated that early development of IVP bovine embryos was dependent on the orchestration between ROS and ER stress. ER stress and the associated developmental damages increased in the presence of excess ROS caused by high O 2 tension, which were greatly ameliorated by reducing O 2 tension and treating with either an antioxidant or ER stress inhibitor. From these findings, we conclude that in vitro developmental competence of bovine early embryos depends on the ROS/ER stress axis. These findings contribute to the large-scale production of IVP embryos with high developmental competence and increase our understanding of early development in mammals.
